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Executive Summary
This research has demonstrated new ways in which polyoxometalate anions (predominantly polytungstates and polyniobates) can be used to address problems of separation and immobilization of radioactive materials (lanthanides, actinides, and technetium).
• The robust polytungstate ("Preyssler") anion , [P 5 W 30 O 110 ] 15-, is shown to be remarkably selective in removing lanthanide and actinide anions from neutral aqueous solutions of high salt content. The bound cations are easily removed and the polytungstate anion is then available for recycling.
• The first examples of polytungstates incorporating uranyl (UO 2 2+ ) cations have been identified and fully characterized, and the facile (<800EC) thermal conversion of ammonium salts of these complexes to actinide tungsten bronzes, e.g. U 0.10 WO 3 , has been demonstrated.
Tungsten bronzes are inert materials that should be considered as possible waste forms for immobilization of lanthanide and actinide wastes.
• Hexaniobate and hexatantalate anions are hydrolytically stable in highly basic aqueous solutions and can be used to treat alkaline tank wastes such as those at Hanford. 10-. Although the advantages of POMs lie in their high thermal and radiolytical stabilities, there has been no attempt to exploit the remarkable variety of these complexes beyond the use of the two anions mentioned above. Our broad knowledge of POM chemistry has allowed us to address and rectify this omission. Related chemistry (see below) is also pursued by Antonio and colleagues at Argonne National Laboratory and by Francesconi at Hunter College.
The innovative aspects of the project are: (a) the selective sequestration of lanthanide and actinide cations by a POM system in the presence of excess alkali and transition metal cations; (b) the formation of the first examples of POM complexes of UO 2 2+ and their extraction into nonaqueous solvents; (c) the thermal conversion of ammonium salts of lanthanide and actinide POM complexes into inert oxide bronzes at relatively low temperatures; (d) the direct formation of highly thermallyrobust niobate and tantalate complexes of Re (surrogate for Tc) in highly basic solutions.
Methods and Results
Selective sequestration of lanthanide/actinide cations by the "Preyssler" anion [P 5 W 30 O 110 ] 15-. The tungstophosphate anion originally reported by Preyssler was shown by us some years ago to adopt a doughnut-shaped structure with an encapsulated Na + cation ( Figure 1 ). We had shown that replacement of the central Na + (r ~ 1.0 Å) by Ln 3+ or U 4+ could be achieved in aqueous solution under hydrothermal conditions. The size requirement for incorporation into the polytungstate structure is so stringent, that other alkali metal cations and other cationic components of tank wastes (Fe 3+ , Al 3+ , etc) are excluded. Furthermore, the greater charge of Ln and An cations, allows these to compete effectively with Na + (see Table 1 ). 83  10  95  86  100  78  30  85  --------49  50  78  89  100  35  100  67  95  98  21  200  58  ------------300  43  75  96  ----500  15  53  90  ----1000  ----45  55 ----a The hydrothermal reactions (170°C for 24 hours) were performed using solutions of 1 : 1 : X molar ratio (POM : Ln 3+ : Na + ) by varying X from 2 to 1000. b In this and subsequent Tables the yields were calculated from integrals of the peaks in the 31 P NMR spectra by normalizing to 100 % for the total.
Tables 2 -4 summarize the effects of pH, time, and competing cations using the exemplary trivalent lanthanides (6-coordinate radii in parentheses) Nd (1.12), Eu (1.09), Tb (1.06), and Tm (1.02 Å). and has shown that the TRU cations Am 3+ and Cm 3+ can be also be incorporated. 4 Unlike most polytungstate anions which undergo hydrolytic degradation in mildly basic solution (pH6-8), the Preyssler anion is stable under more basic conditions (pH ~ 10) although these do not approach those found in most of the Hanford waste tanks (pH > 13) and this limits the direct use of the anion in such solutions. However, because of its narrow size selectivity, the Preyssler anion can be used to strip lanthanide and actinide cations from neutral aqueous solutions in the presence of virtually any other cation. The resulting complexes can be separated by precipitation or solvent extraction, and the encapsulated cation removed by treatment with acid (Figure 2 ), whereupon the "empty" Preyssler anion is ready for re-use. Since the corresponding Mn(I) complexes are also formed, there is little reason to doubt that Tc will behave analogously. This chemistry is particularly significant for two reasons, (a) the hexametalate anions are stable in extremely basic media (cf. Hanford waste tanks) and the reactions with the metal carbonyls occurs under such conditions; (b) the resulting complexes have high thermal and redox stability. See Figure 4 for thermogravimetric data, which show that Re is not lost until the temperature exceeds 800EC Figure 4 . TGA curves for trans-Mn 2 Ta 6 (Mn) and trans-Re 2 Nb 6 (Re).
Relevance, Impact, and Technology Transfer
The results of this research impact DOE's environmental management problems in three important areas -the selective separation of lanthanides and actinides from complex aqueous mixtures of high salt content, potential new energy-efficient waste forms, and the separation and immobilization of technetium. Each of these foci, separations, waste forms, and Tc-immobilization is sufficiently promising that patent applications have been submitted, but each requires further development to determine whether larger scale trials are warranted. The use of the Preyssler anion as a robust, efficient, selective, and recyclable separations agent ("inorganic crown ether") is limited to aqueous solutions that are acidic, neutral or only slightly alkaline, and it is therefore not appropriate for direct treatment of the Hanford tank wastes. On the other hand, the extreme selectivity of this tungstophosphate for Ln and An cations in the presence of sodium and other metal cations is unprecedented. Its use in the treatment of low level waste streams of appropriate acidity should be seriously considered.
We have discovered an energy-efficient route to tungsten bronzes containing lanthanide and actinide elements. The sodium tungsten bronzes are known to be inert solid state materials, and if this property carries over into the Ln/An species, these could prove to be alternative waste forms. Future work will determine feasibility; an unknown factor is the effect of oxidation under neutral or slightly alkaline conditions. Immobilization of Tc is an ever-present problem for which no approach has been fully successful. The crucial difficulty is the tendency of Tc compounds to become oxidized (or to disproportionate under neutral or alkaline conditions) to yield the highly mobile TcO 4 -anion. Our approach has been to use Tc(I), stabilized by CO ligands, bound to the alkali-stable hexaniobate anion. The resulting complexes (at least the analogous ones containing Re) are stable towards oxidation and loss of metal below 800EC. Since Tc(CO) 3 (aq) + can be generated in aqueous solution, we foresee a viable route to the niobate complexes under the solution conditions present in the Hanford tank wastes.
